Ion-size effects in cuprate superconductors - implications for pairing 
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The standard separation in metals between valence and core states leads in cuprate superconduc- 
tors to constituent ions which may sustain both charge and spin fluctuations. We change ion size in 
RA2Cu30 y (A=(Ba,Sr) and R=(La, . . .Lu,Y)) in order to systematically alter both dielectric and 
magnetic properties. Dielectric fluctuation is characterized by ionic polarizability while magnetic 
fluctuation is characterized by exchange interactions measurable by Raman scattering. The range 
of transition temperatures is 70 to 107 K and we find that these correlate only with the dielec- 
tric properties, a behavior which persists with external pressure. This highlights the fundamental 
importance of charge fluctuation and dielectric screening in the cuprates and may signal a novel 
pairing mechanism having its origin with quantized waves of electronic polarization. 



The physical mechanism for electron pairing in cuprate 
superconductors remains uncertain. While there may be 
a broad consensus that it is probably magnetic in ori- 
gin pQ a continuing challenge has been the apparent low 
spectral weight of associated spin fluctuations, as mea- 
sured by inelastic neutron scattering 0. Recent studies 
using inelastic x-ray scattering seem to locate the miss- 
ing weight by identifying intense paramagnon excitations 
across the entire superconducting phase diagram [3] . If so 
then a key energy scale for pairing is, to leading order, the 
antiferromagnetic exchange interaction, J [3] . Consistent 
with this, Ofer et al. [4] correlated the T c at optimal- 
doping, T™ ax , with the Neel temperature, Tjv, in the sex- 
enary system (Lai_ x Ca a )(Bai.75_ a Lao.25+z)Cu 3 (V By 
modeling the anisotropy in the exchange interaction they 
found that T™ ax scaled with J. 

We too examine such relationships in a simpler model 
system, RA2CU3OJ, and we measure J directly using two- 
magnon Raman scattering. But we find quite the op- 
posite result; T™ ax does not scale with J. Instead we 
find a strong correlation with the dielectric properties 
as described by the density-weighted sum of the ion po- 
larizabilities (the refractibility sum). Something of this 
character might yet be explicable in a magnetic pairing 
scenario in terms of effective screening of long-range re- 
pulsive magnetic interactions [5], But, it may also signal 
a novel pairing mechanism where the exchange boson is 
a quantized wave of electronic polarization [6]. 

We are motivated by what we consider a central para- 
dox of high-temperature superconductor physics: exter- 
nal pressure increases T™ ax [7], whereas internal pressure, 
of chemical origin and as induced by isovalent ion substi- 
tution, decreases T c max [HE]. Fig. [T] shows T c max plotted 
against the composite bond valence sum (BVS) parame- 
ter, V+ = 6 - Vcu(2) - Vb(2) - Vb(3), taken from ref. [8] 
(green squares). Here Vc u (2)) Vq(2) an( i Vo(3) are t ne 
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FIG. 1. [Color online] T c max , plotted as a function of the 
bond valence sum parameter V+ — 6 — Vc u (2) — Vb(2) — Vo(3)- 
Green squares: as previously reported [8]; red crosses: for 
RBa2Cu30 H (R = La, Nd, Sm, Gd, Dy and Yb); blue crosses: 
for YBaa-xSr^CusOj; (x = 0, 0.5, 1.0, 1.25 and 2). 



planar copper and oxygen BVS parameters and the plot 
reveals a remarkable correlation of T™ ax across single-, 
two- and three-layer cuprates. Here V+ was introduced 
as a measure of charge distribution between the Cu and O 
orbitals [10] but is also a measure of in-plane stress [11] , 
as noted at the top of the figure. Evidently stretching 
the CUO2 plane increases T™ ax . However V+ is a com- 
pound measure and also reflects physical displacement of 
the apical oxygen away from the Cu atoms. 

Crucially, this plot reveals that all cuprates follow a 
systematic behavior. There are no anomalous outliers. It 
is common to regard La 2 _ a; Sr ;I ;Cu04 as anomalous with 
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a marked propensity for disorder. But the left-most data 
point in Fig. [I] shows that it is entirely consistent with 
the other cuprates. It remains then to determine just 
what this V + parameter encapsulates so systematically. 

To this earlier plot we now add new data for the com- 
pounds, RA2Cu30 y , as R is varied (red crosses) and, in 
the case of R = Y, A = E^-zSr^ where x = 0, 0.5, 
1, 1.25 and 2 (blue crosses). We use the structural re- 
finements of Guillaume et al. |12j . Licci et al. |13j and 
Gilioli et al. [T3] and calculate V + in the same way as 
previously [8] . Notably, the global correlation is also pre- 
served across this model system, reflecting the progres- 
sive expansion of the lattice as ion size is increased. (We 
define ion size in terms of the effective radii discussed 
by Shannon [TS]). Using the bulk compressibility these 
volume changes may be converted to an effective internal 
pressure and Fig. [T] thus summarizes a general feature 
of the cuprates, namely that internal pressure decreases 
T™ ax . In contrast, as already noted, it is well known that 
external pressure increases T™ ax [7]. What then is the 
salient difference between internal and external pressure 
on T c max ? 

The magnitude of T™ ax will be set in part by the en- 
ergy scale, Tiujb, of the pairing boson and also by N(Ep), 
the density of electronic states (DOS) at the Fermi-level. 
In the underdoped regime the DOS is progressively de- 
pleted by the opening of the pseudogap (with energy scale 
Eg), whereas in the overdoped regime it is enhanced by 
the encroaching proximity of the van Hove singularity 
(vHs). Our long-term goal is to study the comparative 
effects of internal and external pressure on the key vari- 
ables, T c max , uj b , N(Ep), Eg and E F - E vlis . Here we 
focus on wb which, if the pairing boson is a paramagnon, 
is governed to leading order by J [3J. 

We measured J in single crystals of RBa 2 Cu 3 06 (R- 
123) using Big two-magnon Raman scattering where the 
two-magnon peak occurs at w max = 3. 2 J [16 . The nor- 
malized raw data shown in the inset to Fig.[2]reveal that, 
as the R ion-size decreases, the Bi g two-magnon peak 
shifts to higher frequency. This is expected because of 
the increased overlap between Cu 3d and O 2p orbitals. 

The relative shift in effective internal pressure, AP c ff, 
may therefore be estimated from the change in unit cell 
volume, AV, using AP cS = -B.AV/V where B = 78.1 
GPa is the bulk modulus for deoxygenated YBa2Cu30g 
[T7| and AV = V - Vq is referenced to La-123. We plot 
w mm against AP c g in the main panel of Fig. [2j Fur- 
ther, the dependence of J on basal area, A, is plotted in 
Fig. [3j To this internal pressure-effect data we also give 
in Fig. [3] the effect of external pressure on J in the re- 
lated system La2Cu04 [T5] (blue diamonds) ranging up 
to 10 GPa, as annotated. Remarkably, the dependence 
of J on A is preserved across the entire range, irrespec- 
tive of whether the pressure is internal or external in 
origin. The inset shows that the same result is found for 
YBa2Cu306.2 under external pressure now up to 80 GPa 
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FIG. 2. [Color online] The Bi g Raman two-magnon peak po- 
sition, w m ax, for each R-123 sample plotted against the effec- 
tive internal pressure using P c ff — — B.AV/Vq where B = 78.1 
GPa is the bulk modulus 17 and AV = V — Vo is referenced 
to La-123. The inset shows normalized Raman spectra for 
R-123 single crystals and for polycrystalline YSr2Cu3Cv 



|19j (green diamonds) which projects directly onto our 
internal pressure data for R-123 (red squares). Collec- 
tively these cover a 60% increase in the magnitude of J 
arising from simple structural compression. 

From Fig. [3] we conclude that external and internal 
pressure have similar effects on J. This is our first main 
result and it contrasts the opposing effects of internal and 
external pressure on T™ ax . Accordingly, we now plot in 
Fig.|4](a) T™ ax versus J for the R-123 single-crystal series 
(red squares) using T c max = 98.5 K for La-123 [H] and 
T max — ge K for Nd-123 [21] since these are the highest 
reported values of T™ ax in these compounds (where R 
occupation of the Ba site is minimized). Contrary to 
expectation, T™ ax anticorrelates with J when ion-size is 
the implicit variable. 

To move to yet higher J values, we repeated the 
Raman measurements on a c-axis aligned thin film of 
YBai.sSro.sCuaOg and on individual grains of polycrys- 
talline YSr2Cu306 prepared under high-pressure/high- 
temperature synthesis [H] (blue diamonds in Fig. [I] (a)). 
Significantly, the anticorrelation between T™ ax and J is 
preserved, but now out to a more than 60% increase in 
the value of J. This is a very large increase and it is 
surprising that it is not reflected in the value of T™ ax if 
magnetic interactions alone set the energy scale for pair- 
ing. 

To this plot we add data showing the effect of external 
pressure on T ( ? lax and J in YBa2Cu307 (green squares: 
for 1 bar and 1.7, 4.5, 14.5 and 16.8 GPa). The shift 
in J with pressure is taken from the inset to Fig. [3] and 
the values of T™ ax at elevated pressures are from refs 
[H HS| - see Supporting Material [H]. We see that the 
shift in the data under external pressure is effectively 
orthogonal to that found under internal pressure and, 
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FIG. 3. [Color online] The basal area dependence of J de- 
termined from two-magnon scattering on RBa2Cu306 (red 
squares) where "internal pressure" is the implicit variable. 
The effect of external pressure [T5] is also shown for La2CuC>4 
(0 to 10 GPa, blue diamonds). Remarkably a single behav- 
ior for J(A) is preserved irrespective of whether the effective 
pressure is of internal or external origin. Inset: J versus A 
for pressure-dependent two-magnon data for YBa2Cu30e.2 to 
80 GPa [T5] (green diamonds) compared with our ion-size- 
dependent data for RBa2Cu306 (red squares). 



again, highlights the fact that the observed shifts in J 
simply do not correlate with T™ ax . This is our second 
main result . 

As noted these results differ from Ofer et al. [I] who 
reported correlations between T™ ax and the Neel tem- 
perature, T N , in (Lai_ 2; Ca :E )(Bai.75_ :I ;Lao.25+a : )Cu30 y . 
However, the effects they report are quite small compared 
with ours. Moreover, since T/v is not directly related to J 
their analysis required a model to estimate the exchange 
anisotropy and thereby convert T/v to J. We also note 
that this complex system has large nuclear quadrupole 
resonance linewidths reflecting a high degree of disorder. 
It is our view that the present study is more direct and 
reliable in its implications. 

We note that B lg scattering only probes nearest- 
neighbor magnetic interactions [25 while recent inelas- 
tic x-ray scattering studies J2B] reveal the presence of 
extended interactions involving next-nearest- and next- 
next-nearest-neighbor hopping integrals, t' and t" |27j . 
The additional extended exchange interaction is only 
about half the magnitude of the changes that we have 
imposed by ion-size variation. It is conceivable that inclu- 
sion of extended interactions might reverse the systemat- 
ics reported here, however, it is our view that variations 
in t' and t" will have a stronger influence via the DOS 
by distorting the Fermi surface and shifting the vHs. 

Our observations suggest two possibilities, either that 

(i) the pairing energy scale is in fact unrelated to J, or, 

(ii) pairing may be governed by magnetic interactions but 
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FIG. 4. [Color online] (a) T™ is plotted versus J 
for single crystals of RBa2Cu30e (red squares) and for 
YBa2- :E Sr :E Cu306 (blue diamonds) with x — 0.5 and 2.0. 
T™ ax anticorrelates with J where ion size or "internal pres- 
sure" (blue trajectory) is the implicit variable. The green 
squares show that T™ ax versus J under external pressure 
(green trajectory) is effectively orthogonal to the behavior 
for internal pressure, (b) T™ ax plotted against the polariz- 
ability sum (47r/3) X]j n iOa for RBa2Cu30j, (red squares, R 
= La, Nd, Sm, Eu, Gd, Dy, Yb) and YBa 2 - a; Sr ;c Cu306 (blue 
diamonds, x = 0,0.5,1.0,1.25 and 2) which summarize the 
effects of "internal pressure". The green squares show T™ ax 
versus (47r/3) Y^i n i a i f° r YBa2Cu30 H under external pres- 
sure, revealing a correlation which remains consistent with 
that for internal pressure. 



other energy scales also vary across the R-123 series and 
have a much larger effect on T™ ax than J does. 

However, we must bear in mind the simplicity of the 
systematic evolution of T c max shown in Fig. [T] and the 
above results suggest we may have to look elsewhere to 
locate its underlying origins. One arena where ion-size 
plays a key role is in the dielectric properties, where the 
ionic polarizability varies roughly as the cube of the ion 
size [TS]. This suggests an alternative and relatively un- 
explored possibility, namely, that pairing in the multi- 
ion cuprates might be attributable in large measure to 
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the exchange of bosons associated with coherent quan- 
tized waves of polarization - a direct analog of quantized 
waves of ionic displacement as they occur in the familiar 
phonon pairing picture [5J 128) . We explore this in more 
detail: 

The isolated Cu0 2 planar array is electrostatically un- 
compensated and as such cannot constitute a thermo- 
dynamic system. It is necessary to include the com- 
pensating charges lying outside of the Cu0 2 plane in 
any thermodynamic treatment and these will also con- 
tribute to electron-electron interactions within the plane. 
These charges also reside on ions that are notably polariz- 
able, and they contribute to the high background dielec- 
tric constants observed in the cuprates [33]. Atwal and 
Ashcroft [H] have shown that the polarization-wave pair- 
ing channel in a highly polarizable medium can be domi- 
nant. In an early treatment of this problem Goldhammer 
[50] showed for sufficiently symmetric systems that the 

dielectric constant contains a factor [l — ^ JY niC^i] 
leading in principle to polarization catastrophe. Here the 
sum is over all ions i, rii are the volume densities of these 
ions and on their polarizabilities. (The factor ^ is ul- 
timately dependent on structure, the dielectric constant 
more generally being replaced by a dielectric matrix; and 
in a fuller treatment the enhancement factor is replaced 
by frequency- and momentum-dependent terms [SJ). 

Here we focus just on the contributions from the non- 
cuprate layers and in Fig. [4] (b) we plot X"™ ax versus 
^i~12i n i a i f° r R(Ba,Sr) 2 Cu 3 07 where the sum is over 
R, Ba, Sr, and the apical 0(4) oxygens. Red squares 
summarize the effects of changing R and blue diamonds 
the effects of progressively replacing Ba by Sr. These are 
the "internal" pressure effects and the correlation is ex- 
cellent. The polarizabilities are taken from Shannon |15j . 
Moreover, this also resolves the paradox of the opposing 
effects of internal and external pressure. Increasing ion 
size (decreasing internal pressure) increases the polariz- 
ability while increasing external pressure enhances the 
densities rij, in both cases increasing the dielectric en- 
hancement factor. To test this we also plot T™ ax versus 
X Ei^i for YBa 2 Cu 3 7 at 1 bar and 1.7, 4.5, 14.5 
and 16.8 GPa (green squares) where we have assumed 
to first order that only the rii, and not the aj, alter un- 
der pressure. For more details see [24]. The correlation 
with polarizability is now preserved over a range of T™ ax 
from 70 K to 107 K, including both internal and external 
pressure. This is our third main result and it also now 
links to the correlation with V+ shown in Fig. [I] The 
additional role of the apical oxygen bond length (which 
contributes to the value of V + ) has yet to be clarified, 
but it possibly plays a supplementary role in controlling 
the large polarizability of the Zhang- Rice singlet [21] . 

What may we conclude? A highly polarizable medium 
could merely be effective in screening long-range mag- 
netic interactions, which tend to be repulsive [5]. An 



increasing polarizability sum would then increase T c , as 
observed. Perhaps even more interestingly, coherent fluc- 
tuations of this medium, quantized waves of polarization, 
may in fact be the elusive exchange boson which binds 
the Cooper pairs [B]. Both these scenarios can be tested. 

Finally, based on our observed correlation and an in- 
ferred polarizability of «R a = 8.3 A 3 for the Radium 
ion, Ra 2+ [H, we deduce an implied T c max of 109 ± 2 K 
for YRa 2 Cu 3 O y and 117 ± 2 K for LaRa 2 Cu 3 Cy Simi- 
larly, T™* for HgRa 2 Ca 2 Cu 3 8 should be about 150 K. 
Again, these inferences can be tested, though they are 
not without their challenges! 

In summary, we have shown that the characteristic 
exchange energy scale, J, increases as the ion size in 
RBa 2 _ a; Sr :c Cu 3 0j ; decreases. Furthermore, the influence 
of this effective internal pressure on J is quantitatively 
similar to the effect of external pressure on J across a 
very wide range of compression. This is to be contrasted 
with the opposite effects of internal and external pres- 
sure on T™ ax . We find that T™ ax anticorrelates with 
J when ion size is the implicit variable which suggests 
some energy scale other than that arising from short- 
range magnetic interactions has a more prominent effect 
on T™ ax . Instead, we find that T™ ax correlates exception- 
ally well with the weighted sum of the polarizabilities of 
the charge-transfer layers, both for internal and external 
pressures. This may signal an altogether different pair- 
ing mechanism involving coherent collective excitations 
associated with the ionic polarizabilities. 
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1. Method. 

High-quality RBa 2 Cu 3 7 .5 single crystals were flux grown in Y-stabilized zirconia crucibles 
under reduced oxygen atmosphere, where necessary, to avoid substitution of R ions on the Ba 
site. The crystals were annealed for three days in flowing Ar at 600°C to remove oxygen 
from the chains then quenched to room temperature while still under Ar gas. We expect 
8 > 0.91 from these annealing conditions and the measured mass change. Fully de- 
oxygenated chains are inert and this should eliminate any internal pressure-induced charge 
transfer that could otherwise occur between chain and CuC>2 layers. Moreover, even if there 
is some residual oxygen in the chains the doping state remains zero provided the oxygens 
remain isolated and chain segments do not start to form [1]. Well-oriented films of 
Y(Bai. x Sr^) 2 Cu30 7 .5 were synthesised by metallo -organic deposition on RaBITS™ textured 
Ni/W substrates with epitaxial buffer layers of Y 2 03/YSZ/CeC>2. Polycrystalline samples of 
YSr2Cu3C>7-5 were prepared at 3 GPa and 1050°C using a multi-anvil apparatus with KCIO3 
as an oxidant [2] . 

Raman measurements were made at ambient temperature using a LabRam confocal 
microscope Raman spectrometer in back-scattering Bi g geometry. For all samples except the 
polycrystalline YSr 2 Cu306 the 5 2g , Ai g +5 2g and Ai g +Z?i g scattering geometries were used to 
check we were indeed measuring two-magnon scattering. The 514.5 nm line from an Ar ion 
laser with power <lmW was focused to a spot of size ~lum. A 300 lines/mm diffraction 
grating was used to capture the two-magnon peak in a single frame. For data in the inset to 
Fig. 2 we subtract a flat background, then normalise by the maximum in the scattering 
response. 

2. Synopsis of results 

We vary the nearest-neighbour superexchange interaction, J, (as measured by two-magnon 
Raman scattering) by more than 60% by changing ion sizes in RA 2 Cu307-5, where A=(Ba,Sr) 
and R=(La, ... Lu, Y). Surprisingly, we find T c max anticorrelates with J (Fig. 4(a)), suggesting 
that J is not the dominant energy scale governing T c mdX , and possibly signalling an additional, 
or even alternative, pairing mechanism. The fact that y c max directly correlates with the mean 
polarizability of the R and (Ba,Sr)0 layers (Fig. 4(b)) suggests that either: 

(i) the highly polarizable medium screens long-range repulsive magnetic interactions, or 

(ii) polarization waves could be the elusive pairing boson that mediates 
superconductivity in HTS cuprates. 
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3. Other studies 

Our results may appear to be at odds with another Raman study where it is reported that, with 
increasing doping, the B lg gap parameter observed in low-frequency Raman scattering is 
proportional to J [3]. But it is important to note that the B lg gap is not the SC order parameter, 
Ao. Bi g probes anti-nodal regions of the Fermi-surface [4,5] so will contain contributions 
from both the pseudogap, E g , and Ao, and in the under-doped region is completely dominated 
by E g . Consequently, this reported correlation of the Bi g gap with J does not imply a link 
between J and Ao but, rather, establishes a direct correlation between E g and J as has already 
been inferred from specific heat [6] and inelastic neutron scattering [7]. It is the low- 
frequency B 2g gap feature which probes A [4,5] and this does not correlate with J. 

4. Choice of doping state 

It has previously been found that J is quite strongly doping dependent, in the case of 
Bi2Sr2Cai_ x Y x 08. y falling more or less linearly with doping from 125 meV in the undoped 
insulator to 45 meV in the lightly overdoped region at 0.20 holes/Cu [8]. Because of this 
strong doping dependence we focus on the undoped insulator (Oe) because this is the only 
reproducible doping state for intercomparison of the different lanthanides. And perhaps more 
importantly, we wish to avoid pressure-induced charge transfer which can only be assured 
when the CuO chains are fully deoxygenated. 

In the light of this, is the observed shift in J merely an inadvertent doping effect? We believe 
not, for the following reasons: 

(i) As discussed above, for low oxygen concentration in the chain layer of R123, 8 « 1, 
the Cu02 planes are undoped and, in fact, insensitive to small changes in the oxygen 
concentration [9]. 

(ii) We have recently measured the pressure dependence of the thermopower of 
deoxygenatedYi„ x Ca x Ba2Cu306 and there is no evidence of pressure-induced charge 
transfer [10]. Typically when 8 < 1 the application of pressure results in a strong 
decrease in the thermopower [11] reflecting an increase in doping state [12]. However 
when the samples are near fully deoxygenated (8 « 1) the thermopower becomes 
pressure independent. 

(iii) If 8 < 1 then for a given 8 the doping on the Cu02 planes increases with decreasing 
ion size in the R123 system [13]. Given that J decreases as doping is increased [8], this 
would have the effect of J decreasing with decreasing ion size, the opposite to what we 
report. 

5. Spin-charge stripes at large J ? 

There is the question as to whether the large values of J in the strongly-compressed structures 
exemplified by YBa2- x Sr x Cu30 x merely promote spin-charge stripes similar to what occurs in 
La 2 . x Sr x Cu04, thereby reducing T c despite a magnetic pairing scenario which should 
otherwise raise T c . We believe this is demonstrably not the case. In Fig. SI we reproduce Fig. 
4(a) but now include the data for La 2 _ x Sr x Cu04. It remains a stark outlier, with J mid-range 
but r c max = 39 K. For YSr 2 Cu 3 O x the value of J well exceeds that for La 2 - x Sr x Cu0 4 yet T c 
remains high. This shows again that J is not the dominant player. We believe that our model 
system remains well behaved across the full range of J. Moreover, La2- x Sr x Cu04 fits the 
correlation in Fig. 1 (as shown by the left-most data point) as does YSr2Cu30 x . This shows 
that there is some feature other than the magnitude of J, but reflected rather by the value of 
V+, that determines their respective T c mdX values. We have suggested that it is the ionic 
polarizability that at least partly governs the magnitude of T c max . Indeed, the parameter V+ is 



2 



governed by the stretch of the in-plane Cu-0 bond and the Cu-apical-oxygen bond length. 
These are controlled by the ion sizes in the block layers which in turn govern the ionic 
polarizability. 

6. Pressure dependence of J and y c max 

Under ambient pressure T c max for YBa 2 Cu 3 O x is close to 93 K. To find r c max at higher 
pressures it is important to note that the application of pressure has two effects: (i) to raise the 
magnitude of r c max and (ii) pressure-induced charge transfer which increases the hole doping 
state. Thus to determine T c mdX at elevated pressure one must investigate underdoped 
YBa2Cu30 x . The closer is the system to optimal doping (on the underdoped side) the lower 
the pressure needed to attain optimal doping and T c mdX rises little above its ambient pressure 
value. But as the underdoping is increased, higher pressures are required to reach optimum 
doping and y c max is raised further. This applies until the 60 K plateau is attained around p « 
0.125, when this pattern is broken and very much lower values of r c max are then encountered 
[14]. Unfortunately no report has yet been presented of these systematics in small increments 
of doping. This is a gap that needs to be filled. However there are enough reports at several 
doping states to confirm the pattern. We then have the following data: (P = 1 bar, 7' c max = 93 
K); (P = 1.7 GPa, T c max = 93.7 K [14]); (P = 4.5 GPa, r c max = 97.6 K [15]); (P = 14.5 GPa, 
T c max = 107.2 K [16]); and (P = 16.8 GPa, 7/ c raax = 107 K [14]). 

For each of these pressures the value of J is determined for YBa2Cu30 A from the inset to 
Fig.3, interpolating on a simple proportional basis. We obtain: (P = 1 bar, J = 106.5 meV); (P 
= 1.7 GPa, J = 107.6 meV); (P = 4.5 GPa, J = 109.3 meV); (P = 14.5 GPa, J = 114.9 meV); 
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Figure SI. A reproduction of Fig. 4(a) showing ion-size effects on 7' c max and J in the model 
system RA2CU3O.,. but now including La2- x Sr x CuC>4. The fact that the latter compound is a 
stark outlier when its J value is only mid-range suggests that it is not the large value of J 
which promotes "stripes" and suppresses r c max . 
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and (P = 16.8 GPa, 7=1 16.5 meV). From these, the values of T c max are plotted versus J (with 
P as the implicit variable) by the green squares in Fig. 4(a). 

7. Pressure dependence of E; n, a, 

We assume to a first approximation that the effect of pressure is predominantly in the 
magnitude of n, which just scales as the density. Thus, defining S = X, n, a, , and So = S(P=Q), 
then S(P) = So xVo/V = So /(l - PIB) where, again, B is the isothermal bulk modulus. Because 
these calculations are applied at optimal doping we must use the bulk modulus for fully 
oxygenated YBa 2 Cu 3 7 , namely, B = 1 12 GPa [17]. We obtain: (P = 1 bar, S = 0.1189, 7/ c max 
= 93 K); (P = 1.7 GPa, S = 0.1207, 7 c max = 93.7 K); (P = 4.5 GPa, S = 0.1239, 7/ c max = 97.6 
K); (P = 14.5 GPa, S = 0.1365, 7/ c raax = 107.2 K); and (P = 16.8 GPa, S = 0.1399, 7/ c max = 107 
K). These values of T c max and S(P) are plotted in Fig. 4(b) by the green squares which reveal a 
continuity with the data where internal pressure or ion size is the implicit variable. 

8. Estimation of T c max for A = Radium 

The progression of r c max with ion size (either with Lu — > La, or Sr — > Ba) suggests that 
replacement of Ba 2+ with Ra 2+ will continue this progression. The ionic polarizability of Ra 2+ 
does not seem to be reported in the literature so we simply used the fact that, to a good 
approximation, a, ~ r, . In Fig. S2 we plot the polarizabilities for the alkali-earth ions as 
reported by Shannon [18]. The ion radii are from Shannon [19]. The a, ~ r, dependence is 

2+ 3 

apparent and suggests, if continued, a,(Ra ) = 8.03 A . Based on an extrapolation of Fig.4(b) 
this leads to a projected 7/ c max of 109 ± 2 K for YRa 2 Cu 3 O x and about 117 ± 2 K for 
LaRa 2 Cu 3 O x . 
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Figure S2. The ionic polarizability plotted versus cube of the ionic radius in order to estimate 

2+ 3 

a(Ra ) = 8.03 A . Polarizabilities are from ref. [18] and ionic radii from ref. [19]. 
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